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I. Introduction

he objective of the present investigation is to make a comprehen-

sive experimental evaluation of a recent theory of elastic-plastic

impact and to modify the theory to provide a more realistic description

of the impact characteristics. Previous work has included investigation

of subsonic localized impact damage in glass , ZnS transforma -

tion toughened zirconia (TT-2rO2 and other ceramics

A major advantage of the theory is that it provides a means to predict the

response of a material subjected to impact loading using contact character-

istics determined by static loading tests. The assumption that the damage

induced at a particular maximum static load is the same as that resulting

from an equal maximum impact load has frequently been invoked or mugrt -

ed- A recent report describes similarities and differences in

damage induced by static and impact loading A preliminary evaluation

of the theory of elastic-plastic impact using limited data showed that the

theory yields promising results The present report describes certain

modifications of the theory and a more complete evaluation of the theory

based on more extensive data.-

i xxI\
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II. Experimental Procedures

Glass, CVD ZnS, and TT-ZrO2 plates described in Table I were pre-

pared as follows:

Glass--Larger glass plates were cut using a glass cutter to form

the square specimens.

ZnS--The square plates were used in the polished condition in which

they were secured from the manufacturer.

TT-ZrO 2--The calcia partially stabilized zirconia plates were pre-

pared at CSIRO where they were aged at 1300C for various periods of time

to form three grades in which the KIC increased with increasing aging time

(as fired, 0 hours; under aged, 30 hours; peak aged, 48 hours). At

Ceramic Finishing Company the TT-ZrO 2 plates were polished on one surface

using 1/4 pm diamond powder as the last step. These specimens were frac-

tured in earlier experiments and the remaining ends of these specimens were

used in the present experiments.

The physical properties of the materials are listed in 'Fable II.

The plates were coated with a thin layer of soot by moving the plates

back and forth through a candle flame until a layer of sufficient thickness

was formed. The imprint of the sphere in the soot layer was used to measure

the contact radius. The assumption that the radius of the imprint repre-

sents the contact radius, including the effects of variation in soot layer

thickness, is discussed in a later section.
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The specimens were subjected to either static or impact loading. The

static loads were applied using a table top, Instron testing machine.

When tile glass spheres were used as indenters, the spheres were fastened

to the crosshead and tile glass or ZnS plates were placed on the load cell.

The tungsten carbide spheres were fastened to the load cell and the TT-ZrO2

specimens were fastened to the cross head because of problems involved in

gluing the very small spheres to the cross head.

For impact loading, the spheres were coated with a thin layer of alum-

inum to improve their reflectivity and accelerated using a gas gun with

compressed N2 gas. The specimens were mounted on a steel plate with a

large surface perpendicular to the oath of the sphere. The impacting and

rebounding velocities of the spheres were measured using photographs taken

using a camera with anopen shutter. The spheres were illuminated at known

time intervals using a stroboscope and the velocities were calculated by

dividing the distance between images by the time interval.

The contact and indentation radii were measured using a grid in the

eyepiece of a microscope.
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III. Review of the Theory

(1)
The theory of elastic-plastic impact is based on the fol lowing

empirical relations for static loading:

,I = I(r /r ) (1)

Tj = K '(r./r ) (2)
1 0

where n and n' are the contact and indentation pressures, respectivelv

r is the contact radius, r is the indentaation radius, and r , ', 7. and

2' are contact characteristics that are dotermined flom lo'-log: plots Of

n vs r /r and n' vs r./r
C 0 1 0

The characteristics t and F,' account for work hardening and other

material characteristics that control the deformation under static loading

conditions. The characteristic v represents the pressure at which the

contact radius equals the radius of the spherical indenter. Likewise, c'

represents the pressure at which the indentation radius equals tile radius

of the spherical intenter. At high r/r ratios, Equations (1) and (2) no
0

Ionger appLy becluse (if deformation of the spher'e and i'reasing' errors

in the geeetric;l assumptions. Also, for i giveTn iatteria I we wol d

expect K to be less than ,' , because r. is less th;nl r for all r < r

so that the indent;ltion area is less tLhan tile Contact area and 11 is less

than l' .
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The pressures are taken to be the load divided by the projection of

the area, so that (1) and (2) can also be written in the form

2 )+2
p = r (r /r ) (3)

0 C 0

p = IK'ro2 (r i/ro) '+ (4)

An expression for the impact loading contact radius can be derived by

assuming that the sphere remains rigid. Then, the work done by the load

as given in Equation (3), to the point of maximum penetration, can be

equated to the initial kinetic energy of the impacting sphere. This

,

yields

1 2

0

By assuming that equal static and impact loads result in equal contact

radii we can substitute for r in Equation (3) using Equation (5) to getc

the following expression for the impact load

,'+2 2 F, +2)

2 M( ,+4) +4 (.+4)

0 K = n. r 0

This method neklects the stress wav pneprgy and the fracture surface ener,y.



Similar manipulat ions provide express ions for the indentation radi us,

p enetrat ion time, dep th of damage, reCmainling strength, contact time, and

coefficient of rest itut ion. The equations used inl the present work are

given in Trable, IIl whii ch also inc ludes equat ions for completely elastic

response which will be referred to as thie Hirtz i ac C17,2) a10

ments to derive equations describing the variat ion of crack size (C) doe

to varying contact load (P) in the "far field" where the effects of the

nature of the part icular contact are considered to hu smnall I n ti tie form~

used by Lawn and Marshall (2)t,1, , 'juat. ioln i:

itc (7)
x

in which K ICis the critica~l stress intenisi tv fact or and is ai constant

that accounts for geomet rical aind 1 m i a:: , a.

Thle equat ion was incorporated into thle original analysis, Of ci ist i-ltic

impact to permit cltCulation oif the depthi of damage and the remaining,

strength. However , in ;in invest ii gaL ion of pelne ration of damage iir ju

siingl e point di amnd grinding Of ceramics,, 1K ircme r, (rivr, and i i;it d1  )

foiind that for diamond po ints Wih i varvinl, ChcpeS ie depthI ot dmg

(c) varied svstemait iral Ilv wi th the Ilengtjh of- rou1 art ',elen ill th 11'far f ieId''

wh e r' t he ef fectL of rOntLac ch111i-aCt 'r i St CrS Was eS Xpte d t 0 heC l minimlf I.
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List of Symbols

Contact pressure

fly - Indentation pressure

K - Resistance to Penetration

K' - Resistance to indentation

- IModified K
n

Exponent characteristic of the variation of the contact
pressure with increasing load

-, - Exponent related to work hardneing

Modified ,'m

r 0 Radius of impacting sphere0

M - Mass of impacting sphere

r - Contact radius
C

r. Indentation radius

L

P - ,Maximum loiad perpendicular to the surface

I'. Young's modulus I for sphere
I -m J = 2 for plate

U. Poisson's ratio j = L, 2 as above
L

St
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16 2 1 E-1 I( + t -o )

V - Impact velocity0

(1- v.)

K. K.

e - Coefficient of restitution
,:+2

2 PI(F+4) +4

Q Q = K-n 30

d. Indentation diameter

c Crack length

, Constants determined from static data
where P/d. = a + 6c112

Klc Critical stress intensity factor

x Proportionality factor accounting for unknown geometrical and
frictional factors

z 0 Depth of the disturbed zone

I'

4i
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Based on the above observations, Conway and Kirchner ( 2 2 ) analyzed

penetration of surface damage for the case in which a "disturbed" zone

is formed under the contact. This "disturbed" zone may be formed as a

result of plastic deformation, shear cracking or crushing under the con-

tact. This analysis yielded a relation of the form

P 1/z c (8)
0

in which z is the depth of the disturbed zone. A proportionality factor0

can be introduced which accounts for other characteristics of the contact

and variations in K from one material to another. Similar relations
Ic

might arise as a result of line contact loading, wedging, or residual

stresses.

Shear failures under contacts have characteristic flow or crack

(23)
patterns that follow shear stress trajectories . Based on the shapes

of these patterns there appears to be a direct relationship between the

depth of the disturbed zone and the contact width. Therefore, it may be

appropriate in many cases, such as single point diamond grinding with

diamonds having various degrees of sharpness, to substitute the contact

width for z in the above relation.

A "disturbed" zone has been observed in ZnS statically indented by

glass spheres. When tile indentation diameter (d.) was substituted for z
1/2

in the above relation and '/d I. was plotted vs c a good linear fit was
(919)

observed'



Based on the above experience, relaticn (8) has been substituted for

Equation (7) in the original derivations of the equations for calculating

the depth of damage and the remaining strength after impact.

Remedies for a Problem in Measuring r
c

As mentioned previously, one should expect K to be less than K' because

r > r. in all cases. However, experimentally one finds that, as shown in
c i

Figure 1, the extension of the data representing the contact tends to

intersect the data representing the indentation at a point r < r rather

than at r = r . Two possible explanations of the observation were con-
0

sidered:

i. The elastic recovery in the plane of the specimen surface may

decrease r substantially (28 )
c

2. The increased discontinuity at the rim of the indentation with

increasing indentation size may cause r to increase less withc

load than otherwise expected. In terms of the graph this implies

a shallower slope than the original contact radius curve and an

intersection at r rc.

It is unfortunate that the cause of the difficulty is not understood because

the remedies implied bv the above explanations are quite different. In the

first case it rm;onable to iu-,sume, lic uu;,- thc yi(,Id , i:, ex-

ceeded, that the correct curve is simply shifted to the right as indicated

in Figure 2, so that it intersects at r = r . This is the same as substi-o

tuting K' for K. In the second case the data at low r /r would be considered
tt 0

to be retat ively g~ood but the errors would become gireater at higher values
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of r /r Therefore, in this case it is reasonable to connect the good data
C 0

points at Low r /r values with r = r is shown in Figure 3.

In any event it was decided to assume that = K' and to refer to thi,

case as the modified elastic-plastic theory. One would expect that if the

other choice had been made the results would have fallen, in most cases,

between those of the original and modified theories.

I
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IV. Determination of K, K', ., and i.

In the case of the Y1',., ' : ni ' ' ..

by dividing tihe applied load by the contact area and the indentation area,

respectively. Then, tn was plotted vs (r /r ) and ni' was plotted vs r,/r
C 0 1 

on tog-log plots as suggested by equaLions (1) and (2). , K ' and .

were cal cul ated from the slopes of these plots (Table TV).

Tie original data were less accurate than desired. The princip;j

problem involved measurement of the contact radius. The soot laver which

is used to measure r must be thick ('nou1gh to provide a distinct contrast

at the edge of the impression so that ;in accurate measurement ('ain be made,

but, if tile soot layer is too thick, the sphere will pick up soot from

outside tihe contact area. i some cases this resutIs in an irregular

botndarrv. Tile minimum radii were measured in these cases. Because the

Soot laver was appl ied manual ly the thickness varied to some extent from

specimen to specimen. The data points representiut, easts in which Hi

soot layer is definitely too thick are noted on som' of the griphs. Ii

general, the r. measturements are more accur-atc and le ; scatterd than

the r measurements. One belief it of substi tut inrig f t or r ;i.- is done in
C

the modif ied theory is that it supplt n ,,t's some of tin' ,t M fect Wt itlii'-uir;et'e

ini the r meas ie , e lLts.;
i-.
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V. Experimental Evaluation of the Elastic-Plastic Impact Theory

Class Spheres on Glass Plates

This material combination involving glass spheres and glass plates

represents an end member case in which the response at low impact velocities

is almost completely elastic. Therefore, one would expect tile Hertzian

elasticity theory to provide a good description of the impact. The contact

characteristics were = 2.2 and K = 126 GPa. The glass does not indent

permanently so ' and K' were not determined.

The contact radii predicted for various impact velocities are compared

with the Hertzian theory predictions in Figure 4. The Hertzian theory

fits the data best as expected but both theories yield reasonable approxi-

-l
mations. At the highest impact velocities above 100 ms crushing occurred,

increasing the contact radii above the values otherwise expected. At inter-

mediate velocities ring and cone cracks formed in many specimens. There is

no definite evidence that the presence of these cracks affected tile contact

radi i.

The load: predicted for various impact velocities are plotted in Figure

5. The predictions of the two theories agree at low velocities but at

higher velocities the elastic-plastic prediction leads to higher load,-

than the Ite rtzi;n theory. Again, because the response of tile glass is

elastic, one would expect tile Ilertzian theory to yield the best results.

Tile impact indent;ation radii and coefficients of restitution were

not calculated for impicts of glass spheres on glass plates because the

absence of indentation prevented determination of c' and r,'



600

Elastic -plastic theory ii-
500-20

E
~400-

~300-+ Hertzian Theory

2200
C0 O 0New data

100- + Earlier data
R. M.Gruver, p41
April, 1976 Notebook

0 1 1 1 1 1 1 I I I

0 20 40 60 80 100 120
Impact Velocity -m s-

r~f' th or'I.



5000

4000-
2

'0 3000-00 Elastic-plastic
theory

2000-
0.
E Hertzian Theory

1000-

0 _
0 20 40 60 80 100

Impact Velocity-ms'

r 1 11 o r - I -



Gliass Sphe res on 'inS Plates

Ii contras t to the case of glass onl glass , impact s (d t he I :i ss

spheres onl the /nS p la tes yield anl elastic-p 1 as t ic res pen so. I nd( r

stat i c LoadiLug rend it ions , indelita t ionls were f i rs t observed at a 40) lioad

but a load of 72 N was necessary to obtain a measurable indent at ion. Inden-

tat ions were observed at all impact sites. Impact 'ccloci ties less thanl

about 19 ms- were inp ract ical- because the curvature of the t raj ectorv

made it difficult to it the target.

The static contact characteristics are given in Table IV. The recent 1lv

reported values which were F 0.71, K = 4.9 (Wa, ' =0.34, and <K

3.0 (Wa were used to caicul ate various predi ctedl Curves which are comnpared

with the lie rt sian theo ry and experimental resuilts. 11n Some cases, , wais

assumed to 1)e equal. to K' as descr ibed in Sect ion 1 11 . These resulits

a re cal led the modi fled elastic-plastic theory resuit!;.

ihe. contact radiuls results plot ted in F~igure 6 show that the contact

radii are only stii gilIy lre hnteler the orv pre dirt ions and s--l

St antia liv less than tile other predict ions . The10re are seve ralI factors

cent ributinug to errors in these [pr-2( editin LOi 0(211(11 V tile st rain) rate

dependenceo of tLhe flIow stres, negle ct of tile St r(-sL, wave eervnc ,l or

of the fracture energy, and so forth. The above data sulpports our earllier

conlusonthat tile most important Source oif error is the stLrain raite

(8) -t -ciedependence of tile tflow stress .; As tlhe St ra il ra. in rse thle f l ow

Stress increases aind Lithe iatr ia I responils moile elast i a vth11: it doles

u~nder tile stat i I oc 10il,('00)11itil 1(115 150( to dletermine the coILiart clllilctcr1-

is t ics . TIi i s more (,I ;ist L i response, s511 if ts tIie 1705 It s t oward th I e W SL'r ianIl



600-
0 Experimental data

500 Modified
E elastic- plastic

1400-

~~300

00

~200-
0
0)

100- Elastic-plastic theory

0 1 1 1 1
0 10 20 30 40 50 60 70

Impact velocity - r~~

Figure 6 Coumtict rid Luq vs. impact velocity (/ri:, 3 mm C- imeter gi ~iss
S plieres) )



20

theory curve. It is interestini that this shift occurs so uniformly

over the range of velocities. In this connection, it is welI to remember

that each impact results in a wide range of strain rates. During the early

stages of the impact process the highest strain rates are encountered but

these high strain rates involve a relatively small volume of material.

Later in the process, the strain rates are lower and involve larger volumes

of material. Apparently, the effect of averaging over these various strain

rates and volumes of material is a smaller impact velocity dependence of

the contact radius than might otherwise have been expected.

The impact indentation radii calculated using the elastic-plastic

theory and the modified elastic-plastic theory arce plotted in Figure 7

where the results are compared with the experimental data. The calcula-

tions overestimate the indentation radii mainly because the strain rate

dependence of the flow stress increases the elastic response compared with

that expected based on the static contact characteristics.

The predicted impoct loads are plotted in Figure 8. The impact load

was not measured so there are no experimental data for comparison. There-

fore, comparison is made primarily with the Hertzia li theory. In the

elastic-plastic case, yielding occurs at the contact which decreases the

average pressure in the contact compared with that expected during a com-

pletely elastic response. Yielding also increases the penetration of the

sphere into the target. The net result is that the maximum impact force

or load is less in the elastic-plastic case than it would be in the elastic

case . The vaIuies i nicated for the elistic-plastic theory seem to be too

high in rcl at i n to the llert. theory but those for thC modified elastic

pa1 s t ic the ory s ce, m reasonabe enoug1h a I thogh wc (do ntot, as yet , ha 1v e an

in(Ie1)er(ci t m(-, iof tvaluating; thnIv .
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One possible explanation of the high calculated values of impact

load is that the theory overestimates the contact radii (Figure 6) so

that the contact areas are overestimated. When these areas are multiplied

by the contact pressures, the resulting load values are overestimated.

In an attempt to evaluate this effect the experimental contact radii

were combined with the contact pressures to calculate the impact loads

with the results shown in Figure 9. The resulting loads are about 50%

as great as those represented by the theoretical curves. While this result

seems reasonable there is, so far, no independent way to check this

result.

For impacting spheres, the coefficient of restitution measurements

provide a sensitive means to assess the energy losses that occur during

the impact process. In ideal elastic impact, the sphere rebounds at the

original impact velocity, the coefficient of restitution is one, and there

are no energy losses. In an actual elastic impact, there are stress wave

energy losses, the sphere rebounds at a velocity slightly less than the

ipac7t velocity and the coefficient of restitution is slightly less than

1, frequent ly in the range from 0.9 to one. In these cases, the measure-

ment of the coefficient of restitution is a relatively sensitive means

of estimating the stress wave energy,. W1hen there is an elastic-plastic

response the si tat ion becomes more comp 1 i cat ed be ase both indentation

energy and stress wIve onergy c,ontri hIte to the 1osses and the coefficieut

of restitution miy decline to verv low values. Nevertheless, because of

the sensitivity of the velocity in respondin), to the energy losses, coef-

iciont of restitution measurement.s repro;ent an effective means to determine

how wel I a model corresponds to real ity.
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The coefficients of restitution calculated using, the elastic-plastic

theory and the modified theory at various velocities are plotted in Figure

10 where they are compared with the experimental data. The predicted curves

greatly underestimate the measured values apparently because the strain rate

dependence of the flow stress causes the material to respond much more

elastically than would be predicted based on the response under static

conditions.

One of the principal objectives of the present program is to predict

the crack sizes and the remaining strength after impact damage. Figure 1i,

1/2
which is based on the relation P/d; - c , was presented in a recent

pot(8)
report . The data for c > d , where d is the contact diameter which is

C9 c

used to define th,2 boundaries of the near field, were fitted by

P/d i  2.74 x 10 1/2 + 7.87 x 10 (9)

Substituting the above equation in

(,+4) (,'+2 ) '±) (T '+2)

P/ 1 (M (f+4))(()P / di -- KRro . .. (10)
2 2 Kr 3 cr

0

yields an equation that can he used to predict radil crack ln'th. The

results of these thieoretical cal culat ions arc compared with the experiment a]

data in Figre 12. Although the modified theory yield-, an imprcvement in

the fit to the experimental data, it is clear that the thcorv still doe'
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not account for the strong variation in maximum radia I crack length with

impact Velocity represented by these data.

Tungsten Carbide Spheres on TrT-ZrO.,

Impacts of tungsten carbide spheres on TT-ZrO2 yield an elastic-

plastic response despite the fact that zirconia is much harder than zinc

sulfide. The log contact pressure vs log normalized contact radius curves

for the three grades of TT-Zr()2 show leveling off of the contact pressure

at norma lized contact radius values above 0.21. This behavior was niot

observed in the other materials. Also, it was niot observed in the inden-

tat ion radius measurements on ITT-Z rO ,. The mechanrism responsible for the

behavior is riot understood. The poss ib ilityv that i t might occur as a result

ofp1as t ic de forma~t ion of the sphere was considered. 'The spheres were

e'xam i nod by opt ical microscopy and no ev idence of p1 a st ic do fo niat iou was

observed. iHoweve r, it is qui te oss)5 it Ile that sinai 1 plIas t ic deformat ions

Could have gonle Undetec ted. Another possibilIi ty is that it ml ght be caused

bv a phase transfo rin; t ion , perhaps monocl1in ic to tot ragonal1 under the ye ry

hihp res!urc cond it ions oIxi!;t lug utndler the contact. WithI regard to hothI

ofthosow [ltch(1an i siol'i it is riot Clear wh Lit-e leveliljug off is observed only

inl the otatsnr and not in heL i udenlt~it ion pressufllre.

Hte -onitict hI.ir;ict orimt i e measured for tihe t hree grades oI fT-/ru)

ht'i ~ j r (1,11le IV) . Althiiigfi therI(,e (-Il to he' s t'miti c virialt iolls

an vi ow ot tie 1m( crt a jut ios in thbe roso I t nt hose virit ions may,, not he

i go[i t i cant . 'it-inj dontLit ion rad i i obsu0rved at vat. tolls !;tat i c I ojls onl

i.-firoil .11id po'ak-iiid I lT-/rf) 2 ire compairid inl li gmir 1 1. Jit t leJ di fterence'

was observed in the results for rte two mitori ih n. 'hherorc, the ilu
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t reatmen t does not seem to have ani aypr cciabl1 effect oin the pl asti 1c

flow properties of TT-ZrO 2 .

The contact radius vs impact velocity predi ct ions, arec plotted in

Figures 1/4-16 where, they are comp ar-ed wi th experimental dat~l aBlecause

thle measured con tact radii increase wi th the thickness- of hew lotIayer

but thle theory is based] onl the actual contaict- withI tic spwcijmel n unrft ,

it seems reasonabl tc o give added we ighit. t.o t lhe Ilowe r u (,it t T It r 1 u,, l ' *l ies

in interp~retinug these results. Using- thi.s~ .G?~ ~c- .Ui~

modified elaFrtic-plastic theories overestimate the (ant act rtd ii. Acla in,1

i t seems I i ke Iv thLIat LtIhe con tact r-ad( i i a re smai I Icr t iiin ex xpcc Itd b ec :iuse

Che st ra in ratec dependence of thle flow st ress Cifall;CS the "Ili-/ rO to res"Onli

mrore e last ical lv t han expected based onl thle contact pararet ers det,,err.i ned

during static loasding. It is also possible that the data are-c sight I

underestimated as a result of thle elastic contraction .,- . 4

r-iiiivud. Thie Ilhrtz ian theory underestimaites the conlt act raidi i in each

caISe aIs expect ccl

[lhe indent at ion rad ins vs impact ye loci tY predict ions air-c p) lot ted iii

Figuir-es 1 7- 19 wliere th2y alre comp ared w I Cl experiment al data. II n e ach

caIse, tilie predict ions ove rest imaite thle indentatCion radii . Ago in , it Cseems

likely tha)t the vir-jot ion in flaw stLress with s~train r-ate is causing tlhe

materia I to rc.sjiilid more, ci astico Iilv than it does dur ing static infidenta-

'liei p redi ct edl ipact l oad val 11(,5 air-c plot ted ye r-sis impj)act. ye 1 ic tv

in Figures 20-22 . Thle loads,* (':1icil ated us i ig the(. elastic-pl'Ist ic anld the

mod if icd cIistLic-pb :1st ic tlaeir i er, aire highier thian IIW 1lert zian dceorv

values ref lc t inc., tht fact thait the contact- raiii ;ir-e overt-st imat d ;i-
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shown in Figures 14-16 so that when the contact pressures are summed over

the contact area, the loads are overestimated. As in the case of ZnS, one

way to obtain more realistic estimates is to use the experimental (impact)

contact radii together with the experimental contact characteristics K and

to estimate the load. However, unlike the case of ZnS, when this was

done the loads calculated using the elastic-plastic theory did not show the

expected reduction.

As mentioned previously, the coefficient of restitution responds

very sensitively to the variations in the energy absorption mu.chanisms.

In Figures 23-25, predicted values of coefficient of restitution at various

impact velocities are compared with experimental data. Again, the modified

theory yields the best results mainly because in this case the K/r.' ratio

is one whereas in the original theory c/vP > I and the results are very

sensitive to this value.

The radial crack lengths were measured in the surfaces of the stat-

ically loaded TT-ZrO2 specimens, from the edge of the indentation to the

tip of the longest crack. The results are plotted as suggested by

1/2
P/d. ' c in Figures 26 and 27. The data for the as fired TT-ZrO2,

plotted in Figure 26, show a linear variation and the data points for

c > J. fit the line

P/d. = 7.93 x 105 + 1.4 1 / (1)
1

with a coeffitient of determinat iol of 0.99,). The d.111 points tor c

were not tsed for the c(omputatin bc'ause ne,;ir the t(,nit-t th' crack

lengths iro con( , id red to be tran. itin'll ni d n la v.r-V h l cl i f thel

chIariicteriot (, ,1 tIh e ootacts.
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'Fihe I lne does not extrapol ate t hrough the or, gln but i nstea-d itter-

cepts the vertical axis at ain appreciable loaid. InI- i.. j. ;-r

TVi Ois somlewhlat d if ferenit f rom the ZnS .T'bl is (111 f erence has not vet

been explIa ined.

The data for the as-fl red , under-nagedl and peak-a;ed s pecimens aire com-

pared in Figure 27. Although the data are somcwhat sparse and scattered,

the results faiil to show theL expected decrease in c'rack 1 engtli withl

increasing K 1  that occurs as a result of aging. The Ki valuVs rang jugg

f rom 4.5 to 6.5 >h'am 1 2were expected to i old aI two to One van at ion ill

crack lengths.

The failure to benefit from increased K Tcw i agling in TT-Zr 2W a s

reprte prviosly(10). -itht case it was found that the number of

radial cracks decreased with increasing aging . New dlata supporting this

obs;ervation are presented in Figure 28. It is well known that the stress

intensity factor at a group of radiating cracks decreases wi th increas ing

numbe r of cracks (decreasing spacing) . There fore, it is reasonable toI

expect thlat the increased ILnmber of cracks ini the materials with lower IK,

mil gh t se rve to I ia mit the crack p ropaga t i on compa red wi th ta at o the rw ise

cxpec t ed , y i e I d lug resu1.t s Ii ke t hose shown in Fi gu re 27.

Ano ther pos sib le expiana t ioln is that res i duals cse increase radial

craick p rop~agation ( and that the res idual stresses ine reaise wi th increased

I ig , thus; oft set t ig Lte eoftect of the incre-ased K * Tb is argument is

Co iii C t ed bV t Itao 1ac t t iM t t he re is no :app re i ;i I e, v i at i I oi in 1 ila LI i c

l ow p ropc r t i es w it It agiing ( Ii ,iire 1 3)

tI! i 1 - thle s t aIt i 1 1; I ' (ly e t en 1-11 Iid ( rack I ene. t ha ret 1 it 1 oo1 (Irpatlt io ( I1 1I

tiol'get lit, r w i th It F li I i Il ( 10) , thet( t iteo ret i I i<11 I -111 It VS- I 1Ill)lilt we hoc it L
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curves were plot ted and compared with the experimental data in Yi u re 29.

The original elastic-plastic theory drastically Overestimates the crack

lengths. Hlowever, the modified theory yieldmucli more reasonable results,

s lightly Overestimating the crack lengths at low velocities and under-

estimat ing the crack lengthi at thie highest velocity.
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VI. Summary and Discussion

Tile analysis developed in this program represents an attempt to

obtain a general, self consistent means to calculate a wide range of

impact characteristics using easily mcasured contact characteristics

obtained under static loading conditions. Empirical equations are used

to relate the contact and indentation pressures to the normalized contact

and indentation radii. These empirical equations are manipulated using

Nk-WLOTuian mcIci:, rl'zir 'la ic i 1:1"Ind cw ac i mi i:i

to obtain equations for the contact radius, indentation radius, load,

penetration time, crack size, remaining strength, contact time, and

coefficient of restitution.

The comparisons of the theoretical calculations and experimental

data presented in this report show that the results of the analysis can

be used to make reasonable predictions of the response of a variety of

ceramic materials to low velocity impact by spheres. On the whole, the

results were improved by substitution of K' for K in the various equations

to obtain the so-called modified elastic-plastic theory. Further evidence
1/2

of the applicabitity of the relation l'/z c to the localized impact
0

damage case was presented . The exact f:orm of tihe relat ion can have an

important effect on tile results when crack ILeng'tls are predicted by extra-

polation to higher yelocities where the commonly used1 P- c rel at ion

tends to underestimate the crack length.

The fractographic investigation reported recenl v ;and the present

report have revealed a number of cases in which the present mat lLemI atical

C -. ,AWN -



model fai Is to provi de a comp lete I y sat is factory representation of the

impact phenomena:

1. The extent of plastic deformation seems to depend on the strain

rate dependence of the flow stress. There fore, the cootact

characteristics determined by static indentation provide onlv

an approximate representation of the plastic deformation occurring

during impact. The differences in extent of plastic deformation

have important effects in the partitioning of energy among the

various energy loss mechanisms, and the absolute and relative

sizes of the various types of cracks.

2. The analysis neglects the stress wave energy and the fracture
(214)

energy contributions to the energy balance. Although llutchings (

has determined that the stress wave energy makes only a minor

contribution to the energy losses during impacts in which pl ast ic

deformation occurs, it is a fact that- the above-mentioned strain

rate dependence of the flow stress favors responses that are more

elastic than otherwise expected and, in these cases, becomec the

overalI losses are lower, the stress wave energy is proport ,,nat,,lv

more important. Kirchner and Gruver ( 5 ) showed previous]v that the

fracture surface energy makes a negligible contribution to the

energy losses for low velocity impacts of glass spheres on j,,iss

p lates. However, at higher velocities crushing occurs at the

impact site and there is a substantial reduction in the coef ficient

of restitution indicating a substantial increase in one rgv osses

Under these conditions, little is known about the W,'o, I , "

the energy arrmong the indentation, stress wave, friction, and

fractire ene rgy loss mechranisins.

3. Marshal I and Lawn (2 5 ) hawV shown that rc'sdi al S t lresns induced

during static indentations hav a srbstAntia] influeIncO ol( the

extent of crack propagat itor arnd remaining st runlh of glass.

rirchner and lsaacson (2 0 ) have slow that re idual stre-sses

4. -



induced dur ing s ingle po ti ni mach ju n ug of s i I icon n i tr i de ceramiics

have s im iIa r e ffe cts. It i-5 reasonable to expect that res Iiual

s trt sses are induced during local i zed imipact but the ef fec ts of

these Stresses are not accounted for in the anal vsis.

4. The di fferences in K1(1 induced by aging treatments in TT-Zri)) do

not result in thle approximately two to one dif ferences in crack

size expected based on the present analyvsis. Fiuet bev

these dif ferences mayv occur because the increased numbers of cracks

induced in the lower K.I materials mav act to reduce tihe K Iat the

tipls of those cracks , thus reduc ing the cra-ck p ropaga t ion be low

tihat 0 thler-w ise expected. Th is observation con f irms ain earl ier

similar obse rvat ion and may be 11111)0 r tant because flu reasi ug the

K Ichas been recomm n ded h y seve ra I inlves t i ga tor,, a s a mean11s t o)

improve the resistance to local ized impact damnage.

Because the important role of the strain rate dlependlence of the flow

stress is not ac-counted for in thle coiltact chlaracter i stius, K, K?, *, aind

Fdetermined by static loading, it is high lY important to devoelop a

method of determining the contact chiara( te ristics bev impilct tests. The

presen t i nves tiga tion i nd icates thiat the theeoreti cal c alIculIatioens of t inc

coefficient of rest ittion are very sensitive to the to ' ii IoThecre-

fore, it seemis reansonab le to attempnlt tin ileterIiniiie thet u-Ont iut C11i11racter 1St i(5

by fitting thu, thinore't icl curves f'l '1- 1-1'' )" ! -1 f'~ I '.'

Thiiis procedure wol d Also account for the stress walve Anld fractlure nei

losses. Develonpmniklt iot thiis suniges ted met lion of doteurriinin teur ttc

chiracteris tki u is rtnn~mcndhedl. Thle results can ben evilu t(d b in i the

self Consistency n't then icil iilat-ed values of- fte inthiurI iT1j'tiitniili i-

t is u.

*NO
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